A 3 poly(A) tail is a common feature of picornavirus RNA genomes and the RNA genomes of many other positive-strand RNA viruses. We examined the manner in which the homopolymeric poly(A) and poly(U) portions of poliovirus (PV) positive-and negative-strand RNAs were used as reciprocal templates during RNA replication. Poly(A) sequences at the 3 end of viral positive-strand RNA were transcribed into VPg-linked poly(U) products at the 5 end of negative-strand RNA during PV RNA replication. Subsequently, VPg-linked poly(U) sequences at the 5 ends of negative-strand RNA templates were transcribed into poly(A) sequences at the 3 ends of positive-strand RNAs. The homopolymeric poly(A) and poly(U) portions of PV RNA products of replication were heterogeneous in length and frequently longer than the corresponding homopolymeric sequences of the respective viral RNA templates. The data support a model of PV RNA replication wherein reiterative transcription of homopolymeric templates ensures the synthesis of long 3 poly(A) tails on progeny RNA genomes.
Many positive-strand RNA viruses (e.g., members of the Picornavirales, Nidovirales, Togaviridae, Caliciviridae, and Astroviridae) have long poly(A) sequences at the 3Ј termini of their RNA genomes (16, 25 ), yet the mechanisms by which 3Ј poly(A) sequences are derived during viral replication are unclear. Picornavirus RNA genomes, including that of poliovirus (PV), have a covalently linked 5Ј-terminal protein called VPg (viral protein, genome linked), a 5Ј untranslated region (UTR), a single large open reading frame, a 3Ј UTR, and a poly(A) tail of variable length (ϳ20 to 150 adenosine residues) (1) . RNA polymerases encoded by viruses in the order Picornavirales utilize viral proteins (and their nucleotidylylated intermediates) to prime the initiation of RNA replication at the 3Ј termini of viral RNA templates (28, 29, 31, 34) . In this mechanism, the viral protein VPg becomes covalently linked to the 5Ј ends of both positive-and negative-strand RNAs during viral RNA replication (30, 32) . PV, which is commonly studied to elucidate mechanisms of picornavirus replication, is viable when the 3Ј UTR of the genome is deleted (12, 44) ; however, the 3Ј poly(A) tail is essential for RNA replication (33, 39) . The length of the 3Ј poly(A) tail required for virus viability and for efficient negative-strand RNA synthesis has been examined in some detail (35, 45) . PV RNAs with 3Ј poly(A) tails less than 9 bases long support less than 1% of wild-type negative-strand RNA synthesis, whereas poly(A) tails Ն20 bases long support wild-type levels of negative-strand RNA synthesis (35) .
In this investigation, we programmed PV RNAs with defined 3Ј 84-, 51-, and 32-base poly(A) sequences [designated poly(A) (84) , poly(A) (51) , and poly(A) (32) , respectively] into cell-free reactions that faithfully reconstitute all of the metabolic steps of viral mRNA translation (11, 22, 23) and viral RNA replication (5, 7, 27) . A significant advantage of this experimental system is the ability to study one cycle of sequential negative-and positivestrand RNA synthesis (6) . [␣- 32 P]UTP and [␣- 32 P]ATP were used to radiolabel negative-and positive-strand RNAs during PV RNA replication. The lengths of radiolabeled VPg-linked poly(U) sequences at the 5Ј ends of negative-strand RNAs and poly(A) sequences at the 3Ј ends of newly synthesized positivestrand RNAs were determined by RNase T 1 digestion and ureapolyacrylamide gel electrophoresis. The data revealed that VPglinked poly(U) products were often longer than the poly(A) sequences in PV RNA templates and that long 3Ј poly(A) tails on new positive-strand RNAs were synthesized during viral RNA replication. We discuss how poly(A) sequences at the 3Ј end of PV RNA and VPg-linked poly(U) sequences at the 5Ј end of negative-strand RNA function as reciprocal templates during viral RNA replication.
MATERIALS AND METHODS

PV cDNAs. (i) pPV A (84) , pPV A (51)
, and pPV A (32) . The plasmid pPV A (84) was kindly provided by James B. Flanegan (University of Florida College of Medicine, Gainesville). pPV A (84) (referred to as pRNA2 in reference 13) encodes a subgenomic PV RNA replicon containing an in-frame deletion of PV nucleotides (nt) 1175 to 2956 within the capsid genes. T7 transcription of MluI-linearized pPV A (84) cDNA produces PV A (84) replicon RNA with two nonviral guanosine residues at its 5Ј terminus that prevent positive-strand RNA synthesis (8, 20) . While this cDNA encodes a PV RNA with a 3Ј poly(A) (84) sequence, transcription of MluI-linearized pPV A (84) cDNA produced PV A (84) replicon RNAs with a distribution of 3Ј poly(A) tails of ϳ81 to 86 bases, as revealed by RNase T 1 fingerprinting (see below).
pPV A (51) and pPV A (32) are identical to pPV A (84) except that the poly(A) sequences on the PV replicon RNAs are 51 and 32 adenines long, respectively.
(ii) pPV A (84) A79C. pPV A (84) A79C is identical to pPV A (84) except that the 79th nucleotide in the 3Ј poly(A) (84) tail was changed to cytidine. This cDNA was constructed by PCR mutagenesis using the forward primer 5Ј-GGACTAAAGA TCCTAGGAACACTCAGG-3Ј and the reverse primer 5Ј-TCCCCGAAAAGT GCCACCTGACGCGTTTTGTT-3Ј and a pPV A (84) cDNA template. Both the PCR product and the pPV A (84) plasmid were cut with AvrII and MluI and ligated with T4 DNA ligase without gel purification.
(iii) prPV A (84) . prPV A (84) , previously named pDNVR27 (29) , is identical to pPV A (84) except for a 5Ј-terminal hammerhead ribozyme such that T7 transcription and ribozyme cleavage produce a PV ribozyme (rPV) replicon RNA possessing an authentic PV 5Ј terminus to allow for both negative-and positivestrand RNA synthesis (29) .
(iv) prPV A (32) . prPV A (32) is identical to prPV A (84) except that the poly(A) tail was shortened from 84 to 32 adenines.
(v) pPV VPg
Y3F
. pPV VPg Y3F is a plasmid encoding a PV A (84) replicon RNA coding for a tyrosine-to-phenylalanine change in the third amino acid of PV protein 3B (VPg). The engineering of this mutant was described previously (9) . This cDNA encoded a poly(A) tail the same length as that of pPV A (84) replicon RNA.
(vi) pPV KO CRE. pKO CRE (referred to as pDNVR26 in reference 29) is identical to pPV A (84) except that it contains eight wobble-position mutations that disrupt the RNA cis-acting replication element (CRE) required for VPgpUpU OH synthesis without changing the amino acid sequence of PV 2C
ATPase (29) . T7 RNA transcription of MluI-linearized pPV KO CRE cDNA produced PV CRE knockout (KO CRE) RNAs with a distribution of 3Ј poly(A) tails of ϳ81 to 86 residues, as revealed by RNase T 1 fingerprinting (see below).
Infectious PV RNAs. The size and sequence of the poly(A) tail of an infectious cDNA clone of PV (Mahoney type 1) with a 5Ј-terminal ribozyme (20) was engineered by using PCR and restriction enzymes with the following oligonucleotides: a KasI forward primer, 5Ј-CTCGGTGGGCGCCAAACTGCTCG 3Ј; an A (32) reverse primer, 5Ј-GCCACCTGACGCGTTTTTTTTTTTTTTTTTTTTT TTTTTTTTTTTTCTCCGAATTAAAGAAAAATTTACCCC-3Ј; an A (32) G 10  primer, 5Ј-GCCACCTGACGCGTTTTTTTTTTTTTTTTTTTTTTTCTTTTTT   TTTCTCCGAATTAAAGAAAAATTTACCCC-3Ј; an A (32) G 15 primer, 5Ј-G  CCACCTGACGCGTTTTTTTTTTTTTTTTTTCTTTTTTTTTTTTTTCTCCG  AATTAAAGAAAAATTTACCCC-3Ј; an A (32) G 20 primer, 5Ј-GCCACCTGA  CGCGTTTTTTTTTTTTTCTTTTTTTTTTTTTTTTTTTCTCCGAATTAAAG  AAAAATTTACCCC-3Ј; and an A (32) G 25 primer, 5Ј-GCCACCTGACGCGTTT  TTTTTCTTTTTTTTTTTTTTTTTTTTTTTTCTCCGAATTAAAGAAAAATTT  ACCCC-3Ј . KasI and MluI cleavage sites in the primers are underlined. The poly(T) regions of the reverse primers correspond to the 3Ј poly(A) tail of PV RNA. KasIand MluI-cleaved PCR products were substituted into the corresponding KasI-MluI region of the infectious cDNA clone. T7 transcription of the MluI-linearized plasmid produced T7 PV A (32) RNA. Four mutant derivatives of T7 PV A (32) RNA were engineered by introducing G substitutions into the 32-base-long poly(A) tail at positions 10, 15, 20, and 25. T7 transcription of the mutated plasmids produced T7 PV A (32) G 10 RNA, T7 PV A (32) G 15 RNA, T7 PV A (32) G 20 RNA, and T7 PV A (32) G 25 RNA.
HeLa S10 translation-replication reactions. HeLa cell S10 extracts and HeLa cell translation initiation factors were prepared as described previously (7) . HeLa S10 translation-replication reaction mixtures contained 50% (by volume) S10, 20% (by volume) translation initiation factors, 10% (by volume) 10ϫ nucleotide reaction mix (10 mM ATP, 2.5 mM GTP, 2.5 mM CTP, 600 mM KCH 3 CO 2 , 300 mM creatine phosphate, 4 mg of creatine kinase per ml, and 155 mM HEPES-KOH [pH 7.4]), and T7 transcripts of PV replicon RNA at 45 g/ml.
Reaction mixtures containing 2 mM guanidine HCl and the indicated PV RNA templates were incubated for 3 h at 34°C to allow for the expression of PV proteins and the formation of preinitiation RNA replication complexes (PIRCs) (6) .
PV RNA replication. PV RNA replication was assayed in reactions with PIRCs isolated from HeLa S10 translation-replication reaction mixtures. PIRCs were pelleted from HeLa S10 translation-replication reaction mixtures by centrifugation at 17,000 ϫ g for 15 min at 4°C (26, 29) . PIRCs containing the indicated PV RNA templates were resuspended in 40-l reaction mixtures containing 27 mM HEPES-KOH [pH 7.4]; 60 mM KCH 3 CO 2 ; 2.3 mM Mg(CH 3 CO 2 ) 2 ; 2.6 mM dithiothreitol; 2.3 mM KCl; 400 g/ml creatine kinase; 30 mM creatine phosphate; 1 mM ATP; 0 to 250 M GTP, CTP, or UTP as indicated; 50 g/ml puromycin; and 1 Ci/l 800-Ci/mmol [␣- Replication complexes containing radiolabeled viral RNAs were reisolated by centrifugation at 17,000 ϫ g for 15 min at 4°C. This allowed unincorporated radiolabel and other contaminating materials in the supernatant fractions to be discarded. Pelleted replication complexes containing radiolabeled PV RNA products of RNA replication were solubilized in 0.5% SDS buffer (0.5% sodium dodecyl sulfate, 10 mM Tris-HCl, pH 7.5, 1 mM EDTA, 100 mM NaCl). Radiolabeled RNA products were phenol-chloroform extracted, ethanol precipitated, and separated by gel electrophoresis on a nondenaturing 1% agarose-1ϫ Tris-borate-EDTA (TBE) gel.
LiCl purification of RF RNA. Radiolabeled RNAs were resuspended in 2 M LiCl with 10 g of an unlabeled PV replicon RNA carrier and incubated at Ϫ20°C for 1 h (3). These samples were then centrifuged at 17,000 ϫ g for 15 min at 4°C to pellet LiCl-insoluble single-stranded RNAs and partially singlestranded RNAs. Supernatants containing double-stranded replicative form (RF) RNA were incubated in 70% ethanol at Ϫ20°C for 3 h. Double-stranded RF RNA was pelleted from 70% ethanol solutions by centrifugation at 17,000 ϫ g for 15 min at 4°C.
RNase T 1 digestion. Radiolabeled viral RNAs were resuspended in 10-l volumes of methylmercury hydroxide (MeHgOH) sample buffer (50 mM boric acid, 5 mM sodium borate, and 10 mM sodium sulfate). Before MeHgOH was added to each sample, a 1-l portion of the sample was subjected to quantification by acid precipitation and scintillation counting. One microliter of 0.5 M MeHgOH was then added to the remaining 9 l of the RNA sample, and the sample was incubated at room temperature for 10 min to denature doublestranded RNAs. MeHgOH in the sample was then inactivated by the addition of 1 l 1.4 M ␤-mercaptoethanol. One microliter of RNase T 1 (300 U/ml) was then added to each reaction mixture, and the mixtures were incubated at 37°C for 30 min. When indicated, proteinase K (200 g/ml) was added to reaction mixtures, which were then incubated at 37°C for another 30 min. Reactions were terminated by the addition of a volume of 2ϫ urea sample buffer (18 M 20 , and T7 PV A (32) G 25 RNAs by using TransMessenger transfection reagent according to the instructions of the manufacturer (Qiagen). Transfected HeLa cells were fed with 2 ml of cell culture medium (Dulbecco's modified Eagle's medium containing 10% fetal bovine serum, 100 U per ml penicillin, and 100 g per ml streptomycin) and incubated at 37°C. Cells were examined for cytopathic effects at 24 and 48 h posttransfection. Infectious virus in the medium was harvested following three rounds of freeze-thaw at 48 h posttransfection and quantified by a plaque assay as described previously (18) .
Cloning and sequencing of poly(A) tails in PV RNA. PV was concentrated from 6 ml of cell culture medium by centrifugation at 40,000 rpm for 2 h at 4°C using a Beckman Ti70.1 rotor. PV RNA was isolated from the concentrated virus using 4 M guanidinium thiocyanate solution (4 M guanidinium thiocyanate, 25 mM sodium citrate, 5% sodium lauroyl sarcosine, 100 mM 2-mercaptoethanol), phenol-chloroform-isoamyl alcohol, and ethanol precipitation.
The 3Ј poly(A) tails of PV RNAs were converted into cDNAs, which were cloned and sequenced using methods adapted from the Andino lab (45) and the van Dyk lab (14) . An RNA linker (5Ј-phosphate-CUACGACAGUCACCACC GAUACCCUGUACUACGCACCACG-3Ј) was added to the 3Ј ends of PV RNAs recovered from HeLa cells or the 3Ј ends of T7 transcript RNAs by using T4 single-stranded RNA ligase (New England Biolabs, Ipswich, MA). PV RNAs with the 3Ј linker RNA were concentrated by ammonium acetate precipitation and transcribed to generate cDNA by using SuperScript III reverse transcriptase (Invitrogen) and a primer complementary to the 3Ј end of the RNA linker (5Ј-CGTGGTGCGTAGTACAG-3Ј). cDNA corresponding to the 3Ј end of PV RNA, including the poly(A) tail and RNA linker, was amplified in 30 PCR cycles with high-fidelity Phusion DNA polymerase (New England Biolabs) using a forward primer (5Ј-7194 GGACTAAAGATCCTAGGAACACTCAGG 7210 -3Ј) corresponding to PV nt 7194 to 7210 and a reverse primer complementary to the 5Ј end of the linker RNA molecule (5Ј-CGGTGGTGACTGTCGT-3Ј). PCR products were cloned using the TOPO-TA cloning kit according to the instructions of the manufacturer (Invitrogen). Chemically competent Escherichia coli TOP10 cells were transformed with the cloned products and plated onto LuriaBertani medium containing 100 g/ml ampicillin. Colonies were selected and screened for inserts by PCR, and plasmids were extracted using a QIAprep Spin miniprep kit (Qiagen). Plasmids were sequenced in the University of Colorado Cancer Center DNA Sequencing Core Laboratory using the above-noted forward primer corresponding to PV nt 7194 to 7210. This primer provided sequence data corresponding to the 235-base heteropolymeric sequence at the 3Ј end of PV RNA, as well as the size and sequence of the poly(A) tail.
RESULTS
RNase T 1 digestion and gel electrophoresis analyses of radiolabeled PV RNAs revealed the sizes of 3 poly(A) tails in positive-strand RNA templates and the sizes of 5 VPg-linked poly(U) sequences in negative-strand RNA products. RNase T 1 cleaves the 3Ј end of single-stranded RNA at guanosine (G) residues and is useful in determining the lengths of homopolymeric RNA sequences in viral RNA (1) . The sequences, sizes, and locations of PV RNA oligonucleotides generated by RNase T 1 are predictable (Fig. 1) . The largest T 1 oligonucleotides within the positive strand of PV RNA include a 37-mer, (Fig. 1A) . The largest T 1 oligonucleotides within the negative strand of PV RNA include the 5Ј-terminal VPg-linked poly(U) sequence, a 25-mer, two 24-mers (Fig. 1B) , and many smaller oligonucleotides.
In our reactions, we can radiolabel PV RNA with ␣-32 Plabeled nucleoside triphosphates and isolate the resulting negative-strand RNA products ( Fig. 2A) . Incorporation of [␣-
32 P]ATP and [␣-32 P]UTP into PV RNAs can be used to radiolabel T 1 oligonucleotides. Because the pattern of T 1 oligonucleotides in PV positive-strand RNA is different from that in negative-strand RNA, RNase T 1 can be used to distinguish PV positive-strand RNA from negative-strand RNA (6) . When radiolabeled PV positive-strand RNA templates were digested with RNase T 1 and the RNA fragments were separated by electrophoresis in 7 M urea-polyacrylamide gels, the predicted T 1 oligonucleotides were evident ( Each T 1 oligonucleotide from PV RNA has a particular base composition. For example, the RNase T 1 31-mer from PV positive-strand RNA templates has 6 UMP residues and 15 AMP residues (Fig. 1A) . As would be predicted, the amount of radiolabel in the 31-mer was clearly greater when it was labeled with [␣-32 P]ATP than when it was radiolabeled with [␣-32 P]UTP (Fig. 2B , compare 31-mers in lanes 3 and 1). Likewise, the 3Ј poly(A) (84) tail incorporated five times as much radiolabeled AMP as the 31-mer (Fig. 2B, lane 3) . Thus, this method allows for detailed quantitative comparison of T 1 oligonucleotides, as documented below.
VPg-linked poly(U) within the negative strand of PV RNA. PV RNA-dependent RNA polymerase primes the initiation of negative-strand RNA synthesis with VPg and VPgpUpU OH on the 3Ј poly(A) tails of input positive-strand RNA templates (40, 42) . In order to determine the size of VPg-linked poly(U) at the 5Ј terminus of negative-strand RNA, [␣-32 P]UTP was incorporated into PV negative-strand RNA as it was synthesized within PV RNA replication complexes (Fig. 2) . PV positive-strand RNA templates with a 3Ј poly(A) (84) sequence functioned as the template for negative-strand RNA synthesis ( Fig. 2A, lane 1) . Radiolabeled negative-strand RNA products remained bound to the positive-strand RNA template during the isolation of PV RNA from our reaction mixtures. Thus, negative-strand RNA migrated as double-stranded RF RNA in an agarose gel ( Fig. 2A, lane 1) . A 2 mM concentration of guanidine HCl, a reversible inhibitor of PV RNA replication (6) , prevented the incorporation of radiolabel into PV RNA products ( Fig. 2A, lanes 2 and 4) . When a chain-terminating nucleotide, 3Ј-dCTP, was included in the reaction, RF RNA was no longer evident ( Fig. 2A, lane 3) ; rather, a proportionally smaller amount of radiolabel was incorporated into the VPg-poly(U) product RNA that comigrated with the template in the agarose gel (Fig. 2A, lane 3) . This is consistent with 3Ј-dCTPs being incorporated soon after transcription of the poly(A) tail into VPg-linked poly(U) (Fig. 1B) . Radiolabeled VPg-poly(U) 3Ј-dC, which was thoroughly characterized in a recent publication from our lab (41), migrates coincidently with PV RNA templates in the agarose gel, suggesting that it is hybridized to the poly(A) tails of PV RNA templates. The bands cropped off at the very bottom of the image in Fig. 2A represent 28S rRNAs. 28S rRNAs tend to incorporate radiolabel in the experimental reactions.
RNase T 1 digestion of the radiolabeled negative-strand RNA products followed by 7 M urea-polyacrylamide gel electrophoresis revealed the size of VPg-linked poly(U) at the 5Ј end of negative-strand RNA (Fig. 2B, lanes 4 to 9) . VPg-linked poly(U) migrated significantly more slowly than the 3Ј poly(A) (84) template (Fig. 2B, compare lanes 3 and 4) . To remove VPg and more precisely determine the size of poly(U), we used both proteinase K and RNase T 1 digestion of VPglinked negative-strand RNA. Proteinase K digestion increased the mobility of radiolabeled poly(U), but poly(U) was still significantly larger than the poly(A) template (Fig. 2B , compare lanes 3, 4, and 5). The heterogeneity of the sizes of radiolabeled poly(U) products was extensively characterized by experimental data presented later in this report. T 1 oligonucleotides from the heteropolymeric portion of negativestrand RNA were evident near the bottom of the gel (Fig. 2B , lanes 4 and 5), and their mobility was unaffected by proteinase K digestion (Fig. 2B , compare lanes 4 and 5). RNase T 1 digestion of RNA products from reaction mixtures containing 2 mM guanidine did not reveal PV RNA oligonucleotides; however, a small amount of ϳ20-to 30-base-long nonviral oligonucleotides was evident (Fig. 2B, lanes 6 and 9) . RNase T 1 digestion of RNA products from reaction mixtures containing 3Ј-dCTP revealed the same VPg-linked poly(U) products as those synthesized in the absence of 3Ј-dCTP (Fig. 2B, lanes 7 and 8) . Notably, the lanes did not contain T 1 oligonucleotides from the body of full-length negative-strand RNA. Thus, 3Ј-dCTP prevented the synthesis of RF RNA but did not prevent the synthesis of VPg-linked poly(U) corresponding to the 5Ј end of negative-strand RNA (Fig. 2) .
We further validated the identity of radiolabeled VPg-linked poly(U) in the urea-polyacrylamide gels. The synthesis of racorresponding to the 5Ј 120 bases of PV RNA, was used as a size marker in the urea-polyacrylamide gels. (C) Size distributions of poly(A) sequences of PV A (84) RNA templates and the corresponding VPg-linked poly(U) products of RNA replication. Amounts of RNase T 1 oligonucleotides from PV A (84) RNA templates (green line), VPg-linked poly(U) products from RNA replication reaction mixtures containing 10 M UTP (red line), and VPg-linked poly(U) products from RNA replication reaction mixtures containing 100 M UTP (blue line) are indicated. The molar amounts of VPg-linked poly(U) products were calculated based on the corresponding molar amounts of RNase T 1 oligonucleotides from the heteropolymeric portion of each RNA product. PI, phosphorimaging. ) . Purification of PV RF RNA by using 2 M LiCl was advantageous because it removed significant amounts of small nonviral oligonucleotides otherwise present at the bottoms of urea-polyacrylamide gels (data not shown). Consequently, 2 M LiCl-purified RF RNA was used in subsequent experiments.
VPg-linked poly(U) sequences from VPgpUpU OH -primed and VPg-primed negative-strand RNA synthesis were indistinguishable. As demonstrated by previously described experiments in our lab (42) , both VPg and VPgpUpU OH can prime the initiation of negative-strand RNA synthesis. Therefore, we examined whether the VPg-linked poly(U) sequences from VPgpUpU OH -primed and VPg-primed negative-strand RNA synthesis were qualitatively different.
[␣-32 P]UTP was incorporated into PV negative-strand RNA in reactions including wild-type A (84) RNA and KO CRE RNA templates (Fig. 3A , lanes 1 to 3 versus lanes 4 to 6, respectively). KO CRE RNA templates fail to make VPgpUpU OH primers (29) , and low UTP concentrations favor VPgpUpU OH priming over VPg priming (42) . Consequently, we compared wild-type and KO CRE RNA templates under two reactions conditions, low and high UTP concentrations (Fig. 3) . KO CRE and A (84) RNAs have identical poly(A) lengths (Fig. 3B,  compare lanes 1 and 2) . The 24-mer in the KO template lane is missing because the mutations used to disrupt the CRE RNA structure replaced a G residue at PV nt 4462, converting the 24-mer in wild-type RNA into a 36-mer in the KO CRE RNA (Fig. 3B, lanes 1 and 2) . The T 1 oligonucleotides from this region of the PV RNAs are as follows: wild-type 24-mer, 4439 CAUAC UAUUA ACAAC UACAU ACAG 4462 , and KO CRE 36-mer, 4439 CAUAC UAUUA ACAAC UAUAU CCAAU UUAAA UCCAA G 4474 . Mutations in the CRE RNA sequence are underlined. Note that the 24-mer in Fig.  3B , lane 1, is absent in lane 2 and that a corresponding increase in radiolabel is present in the 36-mer in lane 2. These data further highlight the reliability and quantitative sensitivity of the T 1 fingerprinting technique. Guanidine HCl was used as before to inhibit PV negative-strand RNA synthesis (Fig. 3A  and B) . At 10 M UTP, VPg-linked poly(U) from reaction mixtures containing VPg-primed negative-strand RNA products (Fig. 3B, lane 6) was the same length as VPg-linked poly(U) from VPgpUpU OH -primed negative-strand RNA (Fig. 3B, lane 3) . Thus, VPg-linked poly(U) sequences from VPgpUpU OH -primed and VPg-primed negative-strand RNA synthesis were indistinguishable.
[UTP] affected the length of VPg-linked poly(U). Because UTP concentrations may affect the ability of the PV RNA polymerase to elongate efficiently during the synthesis of VPglinked poly(U), [␣-32 P]UTP was incorporated into PV RF RNA in reaction mixtures containing two concentrations of UTP (10 and 100 M) (Fig. 3) . We predicted that 10 M UTP might slow down elongation of negative-strand RNA by the PV polymerase, allowing more opportunity for nascent poly(U) RNA products to slip back onto poly(A) templates, rehybridize, and resume elongation, creating poly(U) products longer than their poly(A) templates as seen in previous figures.
We compared the lengths of VPg-poly(U) sequences synthesized in reaction mixtures containing [␣-
32 P]UTP and either 10 or 100 M UTP (Fig. 3B and C) . Although the different UTP concentrations changed the specific activities of our reaction mixtures, equal amounts of RNase T 1 -digested radiolabeled negative-strand RNA were loaded into the lanes of the gel (Fig. 3B, lanes 3 and 4 and lanes 6 and 7) . Proportional amounts of negative-control reaction products were loaded as well (Fig. 3B, lanes 5 and 8) . Equal amounts of T 1 oligonucleotides from the heteropolymeric portions of PV negativestrand RNAs were evident in the lanes (Fig. 3B, lanes 3 (Fig. 3B and C) . VPg-linked poly(U) ranged in length from less than 30 bases to Ն125 bases ( Fig. 3B and C) . In reactions including 10 M UTP, 61% of VPg-linked poly(U) sequences were longer than the poly(A) template, whereas in reactions including 100 M UTP, 35% of VPg-linked poly(U) sequences were longer than the poly(A) template (Fig. 3C ). Increasing the [UTP] from 10 to 100 M increased the proportion of VPg-linked poly(U) sequences 31 to 84 bases long (Fig. 3C) . Thus, increased UTP concentrations modestly affected the size distribution of VPg-linked poly(U) sequences at the 5Ј ends of negative-strand RNAs.
VPg-linked poly(U) arises from internal priming along the poly(A) template rather than priming at the very 3 end of the poly(A) tail. VPgpUpU OH is known to prime the initiation of positive-strand RNA synthesis at the very 3Ј end of negativestrand RNA templates (34) . In order to test whether VPg and/or VPgpUpU OH primes negative-strand RNA synthesis at the very 3Ј end of the poly(A) template, we compared VPglinked poly(U) synthesis from wild-type A (84) RNA templates with that from PV RNA containing a cytidine substitution for adenine 79 (A79C) within the poly(A) tail (Fig. 4A) . If VPg and/or VPgpUpU OH primed the initiation of negative-strand RNA synthesis at the very 3Ј end of the A79C template, a G residue would be incorporated into the VPg-linked poly(U) product ϳ5 bases from the end (Fig. 4A) . Furthermore, if a G was incorporated into the VPg-linked poly(U) products, RNase T 1 digestion would be predicted to remove VPg and a short poly(U) sequence from the remainder of the poly(U) product (as diagrammed in Fig. 4A) .
PV RNA containing an A79C mutation was an effective template for negative-strand RNA synthesis (Fig. 4B, lanes 4  and 5) . Indeed, the amounts of negative-strand RNA from reaction mixtures containing this template were slightly larger than the amounts of negative-strand RNA from reaction mixtures containing the wild-type template in this experiment ( Fig.  4B and C) . The length of VPg-linked poly(U) synthesized from the PV A79C RNA was identical to that synthesized from the wild-type A (84) RNA (Fig. 4C) . Furthermore, proteinase K digestion increased the mobility of A79C poly(U) products, indicating that VPg was not removed by T 1 digestion from the VPg-linked poly(U) products. These results are consistent with the conclusion that VPg and/or VPgpUpU OH primed the initiation of negative-strand RNA synthesis on the poly(A) tail 5Ј to the A79C mutation in the positive-strand RNA template.
VPg-linked poly(U) from PV A (84) , A (51)
, and A (32) RNA templates. Because the VPg-linked poly(U) products at the 5Ј ends of negative-strand RNAs made from PV poly(A) (84) RNA templates were consistently longer than the poly(A) sequence within the template, we next tested whether poly(U) length was dependent on poly(A) template length. To do this, we compared the VPg-linked poly(U) products from reaction mixtures containing templates with alternate poly(A) (84) , poly(A) (51) , and poly(A) (32) sequences (Fig. 5) . RF RNA was evident in reaction mixtures containing PV A (84) , A (51) , and A (32) template RNAs (Fig. 5A, lanes 1, 3, and 4) . The amounts of radiolabeled RF RNA products from reaction mixtures containing PV A (32) RNA templates were slightly smaller than those from the reaction mixtures containing PV A (84) and A (51) RNA templates (Fig. 5A) . RNase T 1 digestion revealed the sizes of poly(A) tails within the template RNAs (Fig. 5B, lanes  1 to 3) and the sizes of VPg-linked poly(U) sequences in negative-strand RNA products (Fig. 5B, lanes 4 to 10) . Sets of T7 transcripts of A (84) , A (51) , and A (32) RNAs each had a small range of poly(A) sizes and were named according to the size of the poly(A) sequence in cDNA clones as explained in Materials and Methods (Fig. 5B, lanes 1 to 3, respectively) . VPglinked poly(U) from PV A (51) RNA templates was proportionately smaller than the VPg-linked poly(U) products from PV A (84) RNA templates (Fig. 5B , compare lanes 7 and 8 with lanes 4 and 5). Nonetheless, VPg-linked poly(U) products from PV A (51) RNA templates, like those from PV A (84) RNA templates, were longer than the poly(A) sequence in the templates ( Fig. 5B and C) . VPg-linked poly(U) products from PV A (32) RNA templates were smaller than those from either PV A (84) or A (51) RNA templates (Fig. 5B , compare lanes 9 and 10 to lanes 4 to 8). Proteinase K digestion increased the mobility of VPg-linked poly(U) products without affecting the mobility of T 1 oligonucleotides from the heteropolymeric portion of negative-strand RNA (Fig. 5B, compare lanes 5, 8, and 10 to other experimental lanes).
The size distributions of radiolabeled poly(U) products synthesized from the different templates were determined by phosphorimaging and compared graphically ( Fig. 5C ; data were derived from lanes 5, 8, and 10 of Fig. 5B ). There were two notable peaks of poly(U) products within the continuum of otherwise heterogeneous poly(U) sizes made from PV A (84) RNA templates: a prominent peak of poly(U) products ϳ125 bases in length and a smaller peak of poly(U) products similar to the length of the A (84) templates (Fig. 5C, red line) . In addition to these peaks, a continuum of poly(U) products ranged from less than 40 bases long up to the prominent peak of poly(U) (ϳ125) (Fig. 5B, lane 5, and C, red line) . A comparable but proportionately smaller distribution of poly(U) products from the PV A (51) RNA templates was evident (Fig. 5B , lane 8, and C, green line). The amount of radiolabel incorporated into poly(U) made from PV A (32) RNA templates was smaller than that incorporated into poly(U) made from the two other templates, and the size of poly(U) made from PV A (32) RNA templates was notably smaller (Fig. 5B, lane 10 , and C, blue line). The background amounts of radiolabel spilling over from undigested and partially digested RNA at the top of the gel in Fig. B are noted in the graph in Fig. 5C , where the background is indicated by diagonal lines at the bottom, corresponding predominantly to the area near the top of the gel. The peaks of radiolabel corresponding to the 25-mer and 24-mer T 1 oligonucleotides were used to align T 1 oligonucleotides across all lanes and are at the right-hand side of the graph ( In order to compare the molar amounts of various VPglinked poly(U) products, we calculated the molar amount of each radiolabeled poly(U) product made along the continuum and compared the size distribution to that of the poly(A) templates from which the products were synthesized (Fig. 5D,  E, and F) . Importantly, the molecules of VPg-poly(U) detected in the polyacrylamide gels were cumulatively present at a oneto-one molar equivalent relative to the T 1 oligonucleotides from the body of the negative-strand RNA (data not shown). Of the VPg-linked poly(U) products made from PV A (84) RNA templates, 63% were longer than the poly(A) sequence in the template RNA, 15% of the VPg-linked poly(U) sequences were similar in length to the poly(A) sequence in the template, 18% were 41 to 75 bases long, and 4% were less than 40 bases long (Fig. 5D) . Of the VPg-linked poly(U) products made from PV A (51) RNA templates, 64% were notably longer than the A (51) sequence in the template RNA, 29% of the VPg-linked poly(U) sequences were similar in length to the poly(A) sequence in the template, and 7% were less than 40 bases long (Fig. 5E ). Only 7% of the VPg-linked poly(U) sequences made from PV A (32) RNA templates were notably longer than the A (32) sequence in the template RNA, whereas 52% of the VPg-linked poly(U) products were similar in length to the A (32) sequence in the template, 16% were slightly longer, and 25% were slightly shorter (Fig. 5F ). These data indicated that the size of VPg-linked poly(U) sequences at the 5Ј terminus of negative-strand RNA varied as a function of the size of the poly(A) template.
PV RNA 3 poly(A) products of RNA replication. Next, we examined the lengths of poly(A) products at the 3Ј ends of positive-strand RNAs made from the PV negative-strand poly(U) intermediate templates within RNA replication complexes (Fig. 6 ). 5Ј rPV A (84) and A (32) RNA templates with authentic 5Ј termini capable of synchronous and sequential negative-and positive-strand RNA synthesis were compared (Fig. 6) . RF RNA and asymmetric amounts of single-stranded positive-sense RNA products were made from rPV A (84) and A (32) templates (Fig. 6A, lanes 1 and 3) . These templates allowed us to determine the poly(A) lengths made at the 3Ј ends of new positive-strand RNAs (Fig. 6B) . A 2 mM concentration of guanidine HCl prevented the replication of rPV RNAs (Fig. 6A, lanes 2 and 4) . RNase T 1 -digested products revealed that poly(A) sequences at the 3Ј ends of newly synthesized positive-strand RNA products of PV RNA replication were very heterogeneous in length, ranging from less than 40 bases to well over 120 bases (Fig. 6B, lanes 3 and 5) . The rPV A (84) poly(U) intermediate of about 125 nt templated the synthesis of 3Ј poly(A) tails on new positive-strand RNAs that ranged from less than 40 bases long to over 120 bases long (Fig.  6C) . Comparison to the original rPV A (84) RNA template divided the 3Ј poly(A) sequences in positive-strand RNA products into four size groups: 25% were longer than the A (84) template, 23% were similar in length, 36% were somewhat shorter than the A (84) template, and 16% were less than 40 bases long (Fig. 6C) . New positive-strand RNAs synthesized from rPV A (32) templates contained 3Ј poly(A) sequences that were generally longer than the 32-nt poly(U) sequence in the negative-strand RNA intermediate (Fig. 6B, lane 5, and 6D) . Of the 3Ј poly(A) sequences in positive-strand RNA products, 28% were 70 to 140 nt long, significantly longer than the poly(A) sequence in the original rPV A (32) RNA template (Fig. 6D) ; 40% of the 3Ј poly(A) sequences in positive-strand RNA products were 40 to 70 bases long, also longer than the poly(A) sequence in the original rPV A (32) template (Fig. 6D) . Only 32% of 3Ј poly(A) tail lengths were similar to that of the original rPV A (32) RNA template, at 28 to 39 bases long (Fig.  6D) .
These data indicated that poly(A) sequences at the 3Ј ends of positive-strand RNA products of PV RNA replication are quite heterogeneous in length. Furthermore, the poly(A) tail at the 3Ј end of positive-strand RNA can be longer than the poly(A) tail and corresponding poly(U) sequence in the preceding PV RNA template (compare Fig. 6B , lane 5, with 5B, lane 10, and compare Fig. 6D with 5F) .
Notably, [␣-32 P]ATP was found to end label the 3Ј poly(A) tails of PV RNA templates in reactions including 2 mM guanidine (Fig. 6B, lanes 4 and 6) . This 3Ј-end labeling of positivestrand template RNAs was barely detectable compared to the incorporation of [␣-
32 P]ATP into PV RF RNA and positivestrand RNA products in reactions without guanidine (Fig. 6A,  compare lanes 2 and 4 with lanes 1 and 3) . Nonetheless, this [␣-32 P]ATP 3Ј-end labeling of poly(A) revealed the sizes of poly(A) sequences on PV RNA templates after several hours of incubation of the cell-free reaction mixtures (Fig. 6B, lanes  4 and 6) . While [␣-32 P]ATP 3Ј-end labeling could theoretically result in modified PV RNA templates with longer poly(A) tails than those programmed into the reactions, we found that the degree of end labeling did not substantially alter the lengths of 3Ј poly(A) sequences on the PV RNAs programmed into the reactions [Fig. 6B , compare template poly(A) sequences in and separated by electrophoresis in 7 M urea-18% polyacrylamide (see Materials and Methods). The mobilities of specific T 1 oligonucleotides and VPg-linked poly(U) products are indicated. The mobility of a 120-base-long RNA is noted to the left of the urea-polyacrylamide gel. (C) Size distributions of poly(U) products of RNA replication. Amounts of RNase T 1 oligonucleotides from PV A (84) (red), PV A (51) (green), and PV A (32) (blue) RNA templates were determined by phosphorimager analysis of data from lanes 5, 8, and 10 of panel B. Arbitrary PI units are plotted versus the relative mobilities of products in the gel. WT, wild-type. (D) Size distributions of T 1 oligonucleotides from PV A (84) RNA templates (green) and T 1 oligonucleotides from the corresponding VPg-linked negative-strand RNA products (blue). Data from lanes 1 and 5 of panel B were subjected to phosphorimager analyses. Arbitrary PI units are plotted versus the relative mobilities of products in the gel. (E) Size distributions of T 1 oligonucleotides from PV A (51) RNA templates (green) and T 1 oligonucleotides from the corresponding VPg-linked negative-strand RNA products (blue). Data from lanes 2 and 8 of panel B were subjected to phosphorimager analyses. Arbitrary PI units were plotted versus the relative mobilities of products in the gel. (F) Size distributions of T 1 oligonucleotides from PV A (32) RNA templates (green) and T 1 oligonucleotides from the corresponding VPg-linked negative-strand RNA products (blue). Data from lanes 3 and 10 of panel B were subjected to phosphorimager analyses. Arbitrary PI units are plotted versus the relative mobilities of products in the gel. Recovery of a long 3 poly(A) tail from a shorter 3 poly(A) template. The data above indicated that long 3Ј poly(A) sequences were synthesized from PV RNA templates with shorter 3Ј poly(A) sequences. To better illustrate this phenomenon, we graphically aligned the reciprocal templates and products of PV A (32) RNAs (Fig. 7) . T7 RNA polymerase transcription of MluIlinearized cDNA coding for PV A (32) RNA produced PV RNAs with predominantly 32-to 34-base 3Ј poly(A) tails (Fig. 6B, lane  2, and 7A) . During the incubation of PV RNAs in HeLa S10 translation-replication reaction mixtures containing guanidine and [␣- 32 P]ATP, the 3Ј poly(A) sequences of PV RNA templates were slightly modified, as revealed by end labeling (Fig. 6B, lanes  4 and 6) . 3Ј-end labeling revealed that the 3Ј poly(A) sequences of PV A (32) (33) (34) RNA templates were slightly more heterogeneous after incubation in reaction mixtures containing cytoplasmic extracts [ Fig. 7B , note 3Ј poly(A) tail lengths of ϳ28 to 43 bases]. The PV A (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) RNA templates were transcribed into 5Ј VPglinked polyU RNA products (Fig. 7C) . Despite the relatively short poly(A) sequences of and poly(U) intermediates from PV A (32) RNA templates, a fraction of newly synthesized positivestrand RNAs contained 3Ј poly(A) sequences that were dramatically longer (Fig. 7D ). The 3Ј poly(A) sequences on positivestrand RNA products of PV A (32) RNA templates ranged from 28 to over 82 bases long (Fig. 6B, lane 5, and 7D) .
Poly(A) tails in PV RNA recovered from HeLa cells. Next, we examined the sizes and sequences of poly(A) tails in PV RNA recovered from HeLa cells transfected with PV A (32) RNA (Fig.  8) . We also tested whether G residues engineered into various positions of the 32-base-long poly(A) tail were maintained in progeny virus (Fig. 8) . We expected that G residues would be maintained in progeny virus if the viral polymerase transcribed the reciprocal portions of poly(A) and poly(U) templates containing the engineered G residues. The expected 3Ј termini of T7 RNA transcripts corresponding to T7 PV A (32) , T7 PV A (32) G 10 , T7 PV A (32) G 15 , T7 PV A (32) G 20 , and T7 PV A (32) G 25 RNAs are illustrated in Fig. 8A . A CGCG sequence at the very 3Ј terminus of each transcript derives from the 3Ј overhang of the MluI-linearized cDNA clones (Fig. 8A) . The 3Ј ends of T7 transcript RNAs and PV RNAs recovered from HeLa cells were TOPO-TA cloned and sequenced ( Fig. 8B and C, respectively) . The sizes and sequences of 3Ј poly(A) tails in T7 transcript RNAs generally corresponded to the sizes and sequences of the poly(A) tails in the cDNA clones (Fig. 8B) . As expected, a CGCG sequence was found at the 3Ј ends of poly(A) tails in cDNA clones from T7 transcripts (data not shown). The poly(A) tails of T7 PV A (32) RNA transcripts ranged from 27 to 45 bases in length (Fig.  8B) , as demonstrated by sequences from 13 independent cDNA clones. Similarly, analysis of the sequences from 8 to 13 independent cDNA clones for each construct revealed poly(A) tails of T7 PV A (32) (Fig. 8B) . G residues were detected near the expected positions in 42 of 42 cDNA clones from PV A (32) G 10 , PV A (32) G 15 , PV A (32) G 20 , and PV A (32) G 25 transcript RNAs (Fig. 8B) . The median poly(A) tail length in the 55 cDNA clones derived from T7 transcripts was 32 bases, consistent with the cDNA templates and consistent with the data from T 1 fingerprints (Fig. 5B, lane 3 , and 6B, lane 2). These data indicated that the sizes and sequences of poly(A) tails in T7 transcripts of PV RNA generally corresponded to the sizes and sequences of poly(A) tails in the respective PV cDNA templates.
Cytopathic effects on cells transfected with T7 PV A (32) RNA and on cells transfected with PV A (32) (32) RNA correspond well to the lengths of poly(A) tails on progeny positive-strand RNAs formed during replication of PV A (32) RNA in PIRCs (compare data in Fig. 8C with data in Fig. 6B, lane 5, and 7D ). Thus, poly(A) tails in progeny RNA were generally longer than the poly(A) (32) tails in PV RNA templates.
DISCUSSION
In this study, we exploited the synchronous and sequential replication of PV RNA within cell-free reaction mixtures (6) RNA are used as reciprocal templates. Poly(A) sequences at the 3Ј end of PV RNA were transcribed into VPg-linked poly(U) products at the 5Ј end of negative-strand RNA during RNA replication (Fig. 2 to 5 ). Subsequently, VPg-linked poly(U) sequences at the 5Ј ends of negative-strand RNA intermediates were transcribed into poly(A) sequences at the 3Ј ends of progeny positive-strand RNAs (Fig. 6 ). RNase T 1 digestion of radiolabeled PV RNAs followed by 7 M urea-20% polyacrylamide gel electrophoresis revealed the polarity of PV RNAs, the sizes of poly(A) tails within defined positive-strand RNA templates, the sizes of VPg-linked poly(U) sequences at the 5Ј ends of negativestrand RNA products, and the lengths of poly(A) tails at the 3Ј ends of positive-strand RNA products of RNA replication (Fig. 2  to 7 ). 3Ј-dCTP, which prevented the elongation of PV RNA polymerase into the heteropolymeric portion of negative-strand RNA, did not prevent the synthesis of VPg-linked poly(U) (Fig.  2) , consistent with the location of VPg-linked poly(U) at the 5Ј end of negative-strand RNA (36, 46) . Proteinase K treatment increased the mobility of radiolabeled poly(U) products, as would be expected for proteolytic removal of VPg from poly(U) products (Fig. 2, 4 , and 5). Importantly, we found that the size of VPg-linked poly(U) at the 5Ј terminus of negative-strand RNA varied as a function of the size of the 3Ј poly(A) sequences in PV positive-strand RNA templates (Fig. 5B and C) . These data are consistent with the conclusion that poly(A) sequences at the 3Ј end of positive-strand RNA function as templates for VPg-linked poly(U) synthesis at the 5Ј terminus of negative-strand RNA (Fig. 5) . Because VPg-linked poly(U) sequences were often longer than corresponding poly(A) templates, our data are not congruent with the conclusion that VPg-linked poly(U) sequences at the 5Ј ends of picornavirus negative-strand RNAs are consistently ϳ20 nucleotides long, as reported by others (45) . Van Ooij et al. used SuperScript II reverse transcriptase and cDNA cloning to determine the lengths of poly(U) sequences at the 5Ј ends of negative-strand RNAs (45) . We found previously that SuperScript II reverse transcriptase does not efficiently elongate across long poly(U) sequences in hepatitis C virus RNA (17, 19) , and van Ooij et al. did not validate the ability of their methods to detect long poly(U) sequences (45) . Therefore, we suspect that van Ooij et al. failed to detect long poly(U) sequences due to technical limitations.
The presence of double-stranded RNA intermediates of replication in PV-infected HeLa cells was initially described in 1964 (2) . Subsequently, the poly(A) and poly(U) sequences within replicative intermediate (RI), RF, and single-stranded positive-strand PV RNAs from PV-infected HeLa cells were characterized (15, 24, 32, (36) (37) (38) (46) (47) (48) (49) . The Baltimore and Wimmer labs purified radiolabeled RI and RF RNAs from PV-infected cells, digested the RNAs with T 1 RNase and other ribonucleases, and characterized the sizes of radiolabeled poly(A) and poly(U) sequences using gradient centrifugation, urea-polyacrylamide gel electrophoresis, and nearest-neighbor analyses. Pettersson et al. found that VPg-linked poly(U) sequences at the 5Ј ends of negative-strand RNAs from PVinfected HeLa cells were predominantly 120 to 140 bases in length (32) , very similar to the size of VPg-linked poly(U) products made from PV A (84) RNA templates (Fig. 5B, lane 5 , and C and D). Yogo and Wimmer also found long VPg-linked poly(U) sequences at the 5Ј end of negative-strand RNA from RIs purified from PV-infected cells (15, 46, 47, 49) . The Baltimore and Wimmer labs concluded that poly(A) at the 3Ј terminus of PV RNA is genetically encoded and that the poly(A) and poly(U) portions of PV RNA templates are reciprocally transcribed by 3D
Pol in HeLa cells (15, 24, 36) . Our data are congruent with the data and the conclusions from the Baltimore and Wimmer labs.
Intriguingly, a large portion of VPg-linked poly(U) products were longer than the A (84) and A (51) sequences in PV RNA templates (Fig. 5B, C, and D) . In contrast, when a shorter, 3Ј A (32) sequence was present in PV RNA templates, the poly(U) synthesized at the 5Ј end of negative-strand RNA was almost identical in size to the poly(A) sequence in the template ( Fig.  5B and C) . Strikingly, 3Ј poly(A) tails on new positive-strand RNAs synthesized from PV A (32) RNA templates were significantly longer than either the poly(A) sequence in the original positive-strand RNA template or the poly(U) sequences in the intermediate negative-strand RNA templates ( Fig. 6 and 7) . Longer poly(A) tails were also recovered from PV A (32) RNAs that had undergone replication in HeLa cells (Fig. 8) . The model depicted in Fig. 9 summarizes and explains these observations. The data indicate that 3D Pol and VPgpUpU OH prime the initiation of negative-strand RNA synthesis somewhere along the poly(A) tail of PV RNA (Fig. 9A, step i) . Data from PV A (84) A79C templates suggest that VPgpUpU OH primes an internal site relative to the 3Ј end of the poly(A) tail (Fig. 4 and Fig. 9A ). 3D
Pol with nascent VPg-poly(U) products likely pauses (Fig. 9A, step ii) and melts, translocates toward the 3Ј ends of PV RNA templates, reanneals, and resumes elongation (Fig. 9A , steps iii and iv). The same process outlined for VPglinked poly(U) synthesis may occur during the synthesis of a poly(A) tail at the 3Ј end of positive-strand RNA (Fig. 9B ). An important difference during positive-strand RNA synthesis is the presence of VPg at the 5Ј end of the poly(U) template (Fig.  9B ) (note that VPg remains linked to the 5Ј end of the negative-strand RNA template). VPg at this location may prevent 3D
Pol and nascent positive-strand RNA products from running off the end of the template; it may force elongating 3D
Pol to pause, especially on templates with shorter VPg-poly(U) sequences, such as those in rPV A (32) RNAs (Fig. 6 and 7) . Reiterative transcription of poly(U) (32) templates would result in populations of newly synthesized PV RNAs with heterogeneous 3Ј poly(A) tails, many of which are longer than the poly(U) sequences present within the negative-strand RNA templates [as best exemplified by the data for A (32) templates in Fig. 6, 7, and 8] . At some point, nascent positive-strand RNA molecules must dissociate from VPg-linked poly(U) templates, although at present it is unclear what regulates the cessation of poly(A) synthesis.
It is conceivable that poly(A) binding protein (PABP), which binds to the 3Ј poly(A) tails of PV mRNAs as they translate (22, 23) , may remain bound and affect the accessibility of 3Ј poly(A) sequences during the initiation of negative-strand RNA synthesis. The potential contribution of PABP bound to poly(A) sequences during the initiation of negative-strand RNA synthesis has been considered previously (21, 35) . Nevertheless, recent evidence suggests that picornavirus RNA replication does not require PABP (43) . For this reason and for simplicity, we chose to exclude PABP from the diagrams in Fig.  9A . Nonetheless, additional experimentation is warranted to explore the potential role(s) of PABP in PV RNA replication, especially as it relates to VPg-linked poly(U) synthesis.
Our data from PIRCs are most consistent with the conclusion that the poly(A) and poly(U) portions of PV RNA templates were reciprocally transcribed by 3D
Pol . Nonetheless, when we engineered G residues into the poly(A) tails of PV RNA templates to test this hypothesis in HeLa cells, the G residues engineered into PV RNA templates were not recov-ered in the poly(A) tails of progeny virus (Fig. 8) . G residues within the poly(A) tail of PV mRNA would likely disrupt normal PABP binding, potentially inhibiting viral mRNA stability, viral mRNA translation, and/or viral RNA replication. Additional experiments need to be executed to determine if G residues within the poly(A) tails interfere with particular steps of PV RNA translation and/or RNA replication.
Vesicular stomatitis virus (VSV) RNA polymerase reiteratively transcribes a short, 7-base poly(U) sequence in the intergenic region of VSV negative-strand RNA templates, leading to the synthesis of long poly(A) tails on VSV mRNA transcripts (4). The reiterative transcription of repetitive (homopolymeric) sequences by the PV RNA-dependent RNA polymerase as diagrammed in Fig. 9 may be analogous to the mechanisms used by VSV and may also be analogous to the mechanisms used by telomerases to maintain the 3Ј ends of eukaryotic chromosomes (10) . While the 3Ј poly(A) sequences of positive-strand RNA genomes are not commonly thought of as telomeres, their repetitive sequence and location at the 3Ј ends of RNA genomes is consistent with telomeric functions. Additional experimental data will be needed to determine whether the poly(A) and poly(U) portions of PV RNA templates are reciprocally transcribed (and elongated) by 3D Pol and whether the viral polymerase reiteratively transcribes particular portions of the homopolymeric templates. In any case, the mechanisms appear to ensure the integrity of the 3Ј end of the viral RNA genome. It will be important to further elucidate these mechanisms and determine whether similar strategies are involved in the synthesis of poly(A) tails in other polyadenylated positive-strand RNA viruses. 
